A low biopersistence of man-made vitreous fibres (MMVFs) has often been related to a high invitro dissolution rate at near-neutral pH. For some fibre types, however, a low in-vivo biopersistence cannot be explained by the in-vitro dissolution rate in near-neutral physiological fluids. It has been suggested, that the high in-vitro dissolution rate of these fibres at the acidic pH which is found inside the phagolysosomes of the alveolar macrophages could be the reason for the fast in-vivo clearance of such fibres.
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BACKGROUND
At least two pH-environments exist in the lung: the near-neutral environment of the extra-cellular lung fluid and the acidic environment of the phagolysosomes of the macrophages (Oberdorster (1991) ). The pH within the phagolysosomes of a macrophage has been found to be acidic (Carr (1973) , Nyberg et al. (1989 Nyberg et al. ( , 1991 ). Kanapilly (1977) found that many chemical compounds deposited in the lung are cleared faster than can be explained by known dissolution rates at neutral pH. Dissolution of some types of particles within macrophages due to the acidic milieu has been demonstrated by Lundborg (1984 Lundborg ( , 1985 and Kreyling el al. (1990 Kreyling el al. ( , 1992 .
It has been suggested that the dissolution rate at near-neutral pH can be correlated with the in-vivo biopersistence of fibres (Bernstein el al. (1996) ). However, the in-vivo biopersistence of some MMVFs, particularly those with a substantial portion of alumina in their composition, is much lower than what would be predicted from dissolution measurements at nearneutral pH. The behaviour of such fibres appears to be better described by their dissolution rate in acidic conditions (Collier (1997) , Muhle el al. (1998) , Kamstrup era/. (1998) ).
The interaction between macrophages and manmade mineral fibres and the dissolution of fibres by macrophages have been investigated in in-viiro cellular systems (Morimoto et al. (1994) , Luoto et al. (1992 Luoto et al. ( , 1995a ). The macrophages are not only able to engulf and transport the fibres (mechanical clearance); during the phagocytosis of the fibres they may also dissolve them (Luoto (1994) ). It has been shown that macrophages attach themselves, like pearls on a string, onto fibres that are too long to be fully engulfed (Morimoto et al. (1994) , Luoto et al. (1995b) ). Further, it has been observed that some glass wool fibres dissolve more readily in a neutral culture medium than in an alveolar macrophage (AM) culture, whereas rock wool fibres dissolve more readily in the AM culture than in the neutral culture medium (Luoto el al. (1994 (Luoto el al. ( , 1995a ). This behaviour corresponds well to the inviiro dissolution behaviour of the fibres at neutral and acidic pH.
The method presented attempts to simulate by means of in-viiro tests the dissolving effect of macrophages on inhaled fibres. At present there is no exact knowledge of the in-vivo conditions, e.g. the exact composition of liquid inside the macrophages (the content and type of complexing molecules), the flow-/transport characteristics for macrophages. and the conditions occurring when a long fibre is incompletely engulfed by macrophages. Thus, it is not possible from knowledge of in-vivo conditions to define exactly the 'correct' experimental settings for such in-vitro tests.
METHODS AND MATERIALS
The participating laboratories in the present work were: Unifrax Corporation, Rockwool International A/S, Partek Insulation, and Fraunhofer-lnstitut fur Silicatforschung (Fh-ISC).
The sized, shot-free samples of the MMVF10, MMVFI1,MMVF21, MMVF22, RCF1 and the crocidolite asbestos were obtained from the Thermal Insulation Manufacturers Association (TIMA) fibre repository 1 In the case of MMVFIO and RCF1, samples from a more recent production batch were included (M M VF10A, RCF1 A). Sized, shot-free samples of MMVF32 (E-glass), MMVF33 (475-glass) and MMVF34 (HT-fibre) were obtained from JohnsManville Technical Center (JMTC), Denver. USA and from Fraunhofer-lnstitut fiir Toxikologie und Aerosolforschung, Hanover, Germany. The compositions of the MMVFs as analysed by JMTC (Zoitos ei al., 1997 , NAIMA/EURIMA, 1998 are given in Table 1 . Due to analytical variations and minor differences between batches, variations may occur in values cited elsewhere for these fibres. Fibre diameter distributions are given in Table 2 .
All measurements involved the constant flow of a fluid at a controlled rate through a mat of well characterised fibres at a temperature of 37 ± PC, as described in principle by e.g. Scholze and Conradt (1987) , Potter and Mattson (1991) , Mattson (1994) , Christensene/a/. (1994), Thelohan etal. (1994) . Bauer el al. (1994) , Guldberg et al. (1995) . Knudsen et al. (1996) . Different F/A (flow-rate/initial surface area) were used for each fibre type. The simulated lung fluids were similar with respect to chemical composition and ionic strength to the modified Gamble's solutions used in the measurements of the dissolution rate at neutral pH (Zoitos el al. (1997) ), but were modified to obtain a pH 4.5-5 by using different buffering systems or by adding hydrochloric acid. The solution compositions are summarised in Table 3. The fibre samples were characterised with respect to chemical composition and length-weighted fibre diameter distribution using either scanning electron microscopy (SEM) or optical microcopy (OM). (Christensen el al. (1993) , Koenig et al. (1993) ). The length-weighted fibre diameter distribution for a sample was based on at least 360 fibre measurements, except for RCFI, from which only 200 fibres were measured. Weighed amounts of fibres were mounted in cells (filter cassettes), through which the liquid 
MTC (Miiller (1996) . personal comm. 
passed at a controlled flow rate. From the weighed amount of fibres, the measured flow-rate, and the initial specific surface area of the sample (calculated from the fibre diameter distribution and the density, or in some cases measured using gas adsorption techniquies (BET)), the F/A-ratio for each test was determined. In most cases a replicate of cells (2-3) were used for each test. The effluent was analysed for several of the fibre dissolving elements (Si, Ca, Mg, Al, B, Fe) by means of atomic absorption spectrophotometry (AAS) or inductively coupled plasma atomic emission spectrometry (1CP-AES). Based on the measurements the dissolution rates were calculated. A dissolution rate £ si for the network was calculated based on the dissolution of Si. As leaching (incongruent dissolution) was observed at pH 4.5 for all fibres investigated here, an additional dissolution rate k k . jch was similarly calculated for the leaching elements, represented by Ca and Mg. Apart from Ca and Mg, Na, K, and B dissolve as leaching elements, while Fe, Ti and Al are neither allocated as leaching nor as belonging to the residual glass, although Al is known to leach at low pH (Elmer (1984) ). In Table I the percentage of leaching elements in each glass composition is shown.
The calculated dissolution rates were based on the dissolution during 25-30 days, or until either 95% of the leaching elements or 75% of the total fibre mass had dissolved, whichever happened first.
The rate of mass loss (dMJdt) of either leaching or residual elements is assumed proportional to the fibre surface area A (surface-reaction controlled dissolution):
where A' is the dissolution rate constant in ng/cm 2 h. For fibres with uniform fibre diameters dissolving from an initial mass M o and an initial diameter D n . eqn (1) may be solved to:
where r is the fibre density, and A/,-and M Ol are the remaining and the initial mass, respectively, of the ;th element. These equations are used separately on the leaching elements and on the residual elements.
Use of eqns (I) and (2) indicates that the diameter D of a fibre decreases at a constant rate:
where v is the dissolution velocity i -in nm/day, corresponding to the rate of decrease of the radius. The relation between A-(ng/cnrh) and r (nm'day) is dependent on the density (p in g/cm 3 ) as follows: Formaldehyde (few ml) is added to all liquids to prevent growth of algea.
Since the dissolution rates of the leaching elements and of the network (the residual glass) are different, the decrease in diameter is also calculated for each group of elements. The interpretation of the dissolution should consider both the v si which represents the fibre diameter decrease, and the (v lcach -i s ,)" U which represents the dimension of a leached layer (as long as 2t k , lth • t < D).
MMVFs do not have uniform fibre diameters as assumed in eqns(l)-(3). An accurate determination of the length-weighted fibre diameter distribution must therefore be performed (Christensen el al. (1993) , Koenig el al. (1993) ) and used in the calculations.
If M in is the mass of component / in the sample at time zero and M, the mass dissolved at time /, the following equation has been used for the calculation ofi-,(for2i.-,< D):
Here p is the density of the glass, L o is the total fibre length at time zero and L(D) the length weighted diameter distribution function of the original fibre sample.
V) is found from the equation after solving the right hand integral by numerical integration dividing the cumulative distribution function L(D) into small intervals or using the dimensions of each fibre in the distribution. The principle is to vary v t until the measured and the calculated weight loss agree (Zoitos el al. (1997) ).
RESULTS
The mean values of the results for k s , and k Wilch in ng/enrh and the corresponding t Sl and r, cili:h in nm/day are given in Table 4 . The average values given here were obtained only from experiments with similar liquids, i.e. acidified modifications of the liquids used at pH 7.4 (Kanapilly or Gamble, type A, B, and F), without the addition of extra buffers, and with an F/A ratio of 0.01-0.1 jim/s. For MMVF34 (HT) also the average values from measurements with a more limited F/A ratio of 0.03±0.005//m/s are stated. Dissolution rates at pH 7.4 are given for comparison (Zoitos el al. (1997) ). Based on the dissolution of Si (network dissolution) at pH4.5 the ranking of the fibres is: MMVF34 (HT) > MMVF22 (slag wool) > MMVF21 (stone wool) > MMVF10 (glass wool) -RCFI (ceramic fibre) > MMVF11 (glass wool) M MVF32(E-glass) > MMVF33 (475) -Crocidolitê Amosite. Leaching is observed to a certain extent for all fibres at pH4.5 as illustrated in Fig. I . The leaching is most pronounced for the glass and slag wool compositions. stantially, in some cases approximately one order of magnitude. The type D liquid with the citrate buffer gives higher dissolution rates than the two others especially for the stone and slag wool fibres. The type C liquid with the phthalate buffer gives results which in most cases are comparable with those obtained with the acidified Gamble's liquid (type B). The ranking of the different fibre types with respect to dissolution rate (A si ) at pH4.5 is the same, as long as the liquid used is the same. The influence of F/A on k s , is shown in Fig. 3 for 3 of the liquids: type A (acidified Gamble's solution (Kanapilly-type)), type B (acidified Gamble's solution) and type D (citrate-buffered Gamble's solution). A' sl increases with increasing F/A for MMVF2I, MMVF22, and MMVF34 (HT). No limit value has been found with the F/A-values used in this investigation. For MMVFIO and MMVF11, A si is almost constant with increasing F/A. Different F/A-values give different dissolution rates; however, generally (except at very low F/A ratios and for MMVF21 with liquid type A), the ranking of the dissolution rates (A-Si ) is maintained, whether the comparison is made at one F/A ratio or another. Figure 4 shows the dissolution rates calculated for the sampling periods in the experiment as a function of lime for the five fibre compositions, using the liquid type B and an F/A ratio of 0.03 ± 0.01 /itn/s. The dissolution rate of MMVF22 and MMVF34 (HT) increases with time, whereas the dissolution rate of MMVFIO, MMVF11 and MMVF21 is almost constant with time.
DISCUSSION
The ranking of different fibre compositions with respect to dissolution rates at near-neutral pH is different from the ranking at acidic pH, with glass wool compositions being more soluble at near-neutral pH and stone-and slag wool fibres, especially the new stone wool fibre MMVF34. being more soluble at pH4.5.
The main characteristic to evaluate is the dissolution rate of the network, A S| . Additionally the leaching behaviour is important and different for the different fibre compositions. Glass wool fibres and slag wool fibres have a high degree of leaching at pH 4.5, whereas stone wool compositions only have a limited degree of leaching. The difference can probably be explained by the resistance of the silica network after leaching. If the network has a relatively high content of alumina and a relatively low content of silica, as e.g. MMVF34 (HT), it will dissolve fast since the alumina part is soluble at acidic pH and does not contribute to the durability of the network in this environment. This is also the case for RCFI, which dissolves about 3 times faster at acidic pH than at neutral pH. RCFI, however, dissolves at a lower rate than MMVF34 at pH4.5, probably due to the high content of silica. The role of alumina in acidic environ- ment is thus opposite to the role it has at near-neutral pH, where alumina will help to increase the durability of the network. Leaching during dissolution has also been observed for MMVFs at neutral conditions (Hesterberg (1996b) ). Since leaching is much more dominant at acidic conditions it is relevant to indicate two dissolution rates as a result of a dissolution measurement at acidic environment.
The liquid composition has a strong influence on the results obtained. If the buffer capacity is not sufficient, pH may rise in the liquid to an extent which influences the dissolution rate. The influence of an increase in pH will be different, depending on the fibre composition. Even if the pH is maintained, the fluid composition plays a significant role because the buffering system also takes part in complex-formation (Ringbom (1963 ), Paul (1978 ). It has been shown (Mogensen (1984) ) that a high content of citrate at low pH gives a higher dissolution rate as compared to e.g. phthalatecontaining acidic buffer solutions. This is probably due to the strong complexing capability of citrate (Perander and Harju (1997) ). The strong influence of citrate is confirmed in the present investigation. Since the different fibre compositions contain different amounts of those elements involved in complex formation (e.g. Al and Fe), the impact of the different liquids is not equal for all fibre types. With different liquids the relative values of dissolution rates for different fibre types will change; however, the ranking remains in general the same, whether all fibres are tested with one liquid or the other.
Dissolution measurements may be made in stationary, dynamic or flow-through systems, which will give very different values of the dissolution rates, depending on the set-up and the conditions under which the measurements are done. Jantzen (1992) has described the influence of the measuring conditions on the dissolution rates of glasses, and refers to these parameters as the kinetic parameters of glass dissolution. In general she found the ranking of the dissolution rates for different glass compositions at one measuring condition to be the same under any other measuring condition. She furthermore found that the ranking of the dissolution rates found under identical conditions is primarily determined by the chemical composition of the glasses. The results of the present study are in agreement with Muhle et al. (1998) , who found that the measured values change substantially with different F/A, whereas the ranking of the different fibre compositions with respect to dissolution rates is the same as long as the F/A ratio is the same. -A fixed value of F/A at 0.03 jim/s has been chosen for the results given in this paper. Muhle el al. (1998) has tried to determine the 'correct' F/A ratio based on correlations to in-vivo data; however, no clear answer is available yet. The chosen F/A ratio in this paper does not have background in correlations to in-vivo data but was chosen to ensure stable measuring conditions and similar conditions as used in Zoitos et al. (1997) .
In the calculations, a surface reaction controlled dissolution kinetic for all elements is assumed, similar to what is done at neutral pH (Zoitos et al. (1997) ), i.e. a constant dissolution rate k is assumed. The fact that the k-values calculated for each time interval in the experiment are not constant (Fig. 4) indicates, that this assumption is not fully valid. The reason for the change in dissolution rate with time is probably different for the different fibre types. For MMVF22 and MMVF34(HT) where the dissolution rate increases with time, the changed conditions during the experiment (higher F/A during the experiment) is likely to be the main reason for this phenomenon. For other fibre types the change in the remaining fibre composition due to leaching may result in a different dissolution rate with time, as also observed by Elmer (1984) . The incongruent dissolution pattern implies that the outer part of the fibre will consist of a layer depleted in the elements that are leached out. Dissolution of at least the leaching elements could be controlled by diffusion through this layer.
The dissolution rate at acidic pH should be considered together with the dissolution rates at neutral pH, when evaluating or predicting the biopersistence of different fibres. It could be speculated that a relatively high dissolution rate at acidic pH results in breakage of long fibres, where the macrophage has been in contact with the fibre. The small fragments can then be fully engulfed by macrophages and removed mechanically and/or dissolved within the macrophage. This is in contrast to fibre compositions which are relatively insoluble at acidic pH; these do not dissolve within the macrophages.
CONCLUSION
The dissolution rate at acidic pH can be measured according to the more commonly known method of dissolution rate at neutral pH.
As for all dissolution tests with fibres, an accurate measurement of the length-weighted fibre diameter distribution is needed. Since the dissolution both at neutral pH and especially at pH4.5 is often incongruent, it is relevant, in addition to the dissolution rate for the network, k Sl , also to determine the dissolution rate for the leaching elements (represented by Ca and Mg). In order to obtain comparable values, the liquid used must be well-defined, especially with respect to type and concentration of the buffer system. The ratio between flow-rate and initial surface area of the sample (F/A) is a sensitive parameter and should be kept within a relatively narrow range, e.g. 0.030 ± 0.005//m/s. The actual values for k (and v) differ substantially with different liquids and different experimental conditions. However, the ranking of the different fibre types with respect to their dissolution rates remains the same, as long as they are tested under identical conditions. Generally, glass wool fibres and glass fibres have a higher dissolution rate in a neutral environment than in an acidic environment. Some glass wool fibres, such as MMVFIO have relatively high dissolution rates at pH4.5 whereas the special purpose glass fibres (MMVF32 (E-glass) and MMVF33 (475-glass)) dissolve at a low rate at pH 4.5. Stone and slag wool fibres and refractory ceramic fibres dissolve preferentially at acidic pH, and the MMVF34 (HT) dissolves at a very high level at acidic pH. As is the case at neutral pH the dissolution rates at acidic pH of the insulation wool fibres MMVF10, MMVF11, MMV21, MMVF22, MMVF34(HT) and the refractory ceramic fibre, RCF1 are higher than that of crocidolite and amosite.
The dissolution rates at acidic pH should be considered together with the dissolution rates at neutral pH, when evaluating the biopersistence of different fibres. For fibres with high dissolution rates at acidic pH, the dissolution in the acidic environment of the macrophages may be important for understanding the in-vivo behaviour of such fibres.
There are still open questions about the correlation between the results of in-viiro and in-vivo measurements. However, a standardised method for determining the dissolution rates at neutral and acidic pH allows the reliable measurement of the dissolution profile of various fibre compositions. With such standardised in-vitro methods, in-vivo tests could be avoided for fibres which have a chemical composition close to and dissolution rates equivalent to fibres which have already been tested in vivo.
